Abstract Recently, femtosecond laser direct writing in porous glass is emerging as a powerful technique for building arbitrary 3D hollow micro/nanostructures in bulk glass materials. In this study, we investigate the pulse duration dependence of laser intensity window for inducing a single nanocrack inside porous glass by femtosecond laser direct writing. We find that the window for a single nanocrack increases with the pulse duration, while the roughness of side walls in the nanocracks becomes higher for pulses longer than *300 fs. When the femtosecond laser pulses of an optimized duration of *200 fs are chosen, a sufficiently broad range of laser intensity (*44 % of the structuring threshold) for creating a single nanocrack can be obtained, while smooth sidewalls required by nanofluidic applications can still be maintained. The reported results will be beneficial not only for the development of the 3D femtosecond laser micro/ nanostructuring techniques, but also for gaining a deeper understanding of the physical mechanism behind the nanograting formation induced by femtosecond laser irradiation in glass and other transparent materials.
Introduction
Integration of fluidic functions such as valving, metering, mixing, transport, and separation on a single substrate has enabled construction of microfluidic systems that can control and manipulate tiny volumes of liquids with high precision, leading to downsizing of both chemical and biological analyses [1, 2] . Today, most fabrication technologies in microfluidics are based on lithography. They cannot be used to directly form three-dimensional (3D) microfluidic structures such as microchannels and microchambers embedded in transparent substrates without stacking and bonding. Femtosecond laser direct writing is the main technique currently used to modify the interior of transparent materials in a spatially selective manner [3, 4] . This is possible due to the nonlinear interaction between the tightly focused femtosecond laser beam and the transparent material since the interaction is effectively confined to the vicinity of focal point where the laser intensity exceeds the threshold for multiphoton absorption. For instance, femtosecond laser pulses have been used to write optical waveguides in both passive and active materials by locally modifying their refractive indices [5] [6] [7] . In combination with wet chemical etching, femtosecond laser direct writing has also been used to fabricate microfluidic structures, including microchannels and chambers [8, 9] , microvalves [10] , and micropumps [11] . The same technique has been extended to fabricate free-space optics such as micromirrors and microoptical lenses in glass materials [12] [13] [14] . The unique ability of maskless femtosecond laser direct writing to simultaneously alter the chemical and optical properties in bulk glass materials opens up new avenues for fabricating a wide variety of integrated optofluidic microsystems and devices such as microfluidic lasers [15] , nanoaquariums for observing living organisms [16, 17] , and optofluidic sensors with various functions including refractive index monitoring [18] , single-cell detection and manipulation [19, 20] , and rapid screening of algae populations [21] .
Until recently, femtosecond laser fabrication of hollow 3D microfluidic structures in glass has been achieved mainly through two approaches: femtosecond-laser-assisted chemical etching [8, 9] and liquid-assisted femtosecond laser 3D drilling [22] . Although these techniques have indeed shown extreme flexibility for 3D microfluidic application, two major issues still exist. The first issue is the limited size of the microfluidic structures obtained with these techniques, which is usually in the range of a few millimeters to one centimeter [23] . The second one is the limited fabrication resolution mainly caused by optical diffraction limit. Currently, the thinnest nanochannels were obtained by liquidassisted femtosecond laser 3D drilling, resulting in channel diameters ranging from 500 to 700 nm [24] . Recently, we have tackled the first issue by a new strategy, which adopts femtosecond laser direct writing in porous glass immersed in water followed by postannealing, enabling fabrication of microfluidic channels with nearly unlimited lengths and arbitrary 3D geometries [25] [26] [27] [28] . Slightly later, we further exploit the potential of this strategy for resolving the second issue as mentioned above. We have shown that nanochannels with transverse widths down to \50 nm can be directly fabricated inside consolidated glass. The nanochannels can be easily integrated into 3D microfluidic systems which are simultaneously formed in a glass substrate for performing single-molecule DNA analysis [29] .
In general, the mechanism behind the formation of single nanochannels can be understood as a combination of the threshold effect and the formation of periodic nanograting during the process of laser writing in a porous glass immersed in water. Thus, the process is intrinsically sensitive to the laser peak intensity which has to be confined in a limited window, as we have explained previously [30] . In this study, we show that the effective range of laser intensity for fabrication of nanochannel can be expanded by optimizing the laser pulse duration. The broadened processing window can make the fabrication more stable against the fluctuation of laser peak intensity and the fabricated nanofluidic structures more uniform. In addition, the dependence of the effective range of laser intensity for fabrication of nanochannel, which relies on the formation of a single nanocrack in a nanograting, will shed more light on the mechanism behind the nanograting formation in transparent materials with femtosecond laser irradiation.
2 Experimental details and mechanism of achieving a single nanocrack
In our experiment, homemade high-silicate porous glass samples were used as the substrates, which were produced by removing the borate phase from phase-separated alkali-borosilicate glass in hot acid solution. The composition of the porous glass is approximately 95.5SiO 2 -4B 2 O 3 -0.5Na 2 O (wt%). The pores with a mean size of *10 nm are homogeneously distributed in the glass and occupy 36 % in volume of the glass. To induce the nanograting structure, a high-repetition regeneratively amplified Ti:sapphire laser (Coherent, Inc., RegA 9000) with a central wavelength of 800 nm and a repetition rate of 250 kHz was used. The Gaussian laser beam with an initial 8.8 mm diameter was passed through a *3-mmdiameter aperture for ensuring a high-quality beam, and then was tightly focused 170-200 lm below the porous glass immersed in water by a water-immersed microscopy objective (NA = 1.10). It is known that for ionization of fused silica, at least six photons at *800 nm wavelength are required. However, it should also be noticed that the experiment is carried out in porous glass immersed in water. In such a solid-liquid mixture system, the ionization mechanism is now still unclear and rarely investigated before.
The direct writing of nanogratings was carried out by translating the sample perpendicularly to the laser propagation direction at the rate of 30 lm/s, and the polarization direction of the writing laser was perpendicular to the translation direction of sample, as shown in Fig. 1 . The scan speed of 10-30 lm/s is a suitable condition for fabricating continuous nanochannel with lengths of tens of microns by connecting discrete single nanocracks into a continuous structure by water-assisted laser direct writing [29] . Positively chirped femtosecond laser pulses are generated by adjusting the grating separation in the pulse compressor, and the pulse duration of femtosecond laser was then characterized by use of an interferometric autocorrelation. To characterize the morphology of the embedded nanograting structures, the samples were cleaved along the plane perpendicular to the writing direction to access the cross-sectional areas of the lasermodified zones. The revealed nanograting structures were directly characterized using a scanning electronic microscopy (SEM, Zeiss Auriga 40). No chemical etching was used before the SEM analyses.
Figure 1b-d presents a principle schematic diagram to achieve a single nanocrack by combining the threshold effect and the formation of periodic nanograting. Conventionally, the surface nanostructuring of glass beyond the diffraction limit could be achieved by taking advantage of a threshold effect, i.e., by bringing the laser intensity down to a level approaching a threshold laser intensity only above which the ablation of glass induced by multiphoton absorption occurs [31] . In theory, there is no limit on the fabrication resolution when the threshold effect takes place, because the ablation linewidth can always be reduced if one keeps on reducing the difference between the chosen laser intensity and the threshold intensity. However, in practice, due to the fluctuation of the output power of the femtosecond laser, the fabrication process will become extremely unstable when the laser intensity is near the threshold intensity. In our case, the formation of a single nanocrack is much less sensitive to the fluctuation of the laser intensity by combining the threshold effect and the formation of a periodic nanograting. As shown in Fig. 1d , when the femtosecond laser intensity is intentionally reduced to a level at which only the intensity in the purple region is higher than the threshold intensity, one will be able to select only one nanocrack in the central area of the focal volume. It is noteworthy that, in such a case, the above-thresholdintensity region in the focal spot (purple region in Fig. 1d ) is still much larger in its width than the width of a single nanocrack (green region in Fig. 1d) . So there exists a window (a range of laser intensity) for inducing a single nanocrack, which is between the threshold laser intensity of emergence of a single nanocrack and the minimum laser intensity for inducing two nanocracks in the glass, as we will show below. Figure 2 shows the nanogratings formed in porous glass by irradiation of femtosecond laser pulses of different durations. It can be clearly seen that the nanocracks induced by short pulses have sharper edges. Moreover, it can also be seen that at the shortest pulse duration of *60 fs, it is difficult to form a single nanocrack by carefully tuning the laser peak intensity. It is shown in Fig. 2a that at a laser power of 15 mW, two nanocracks are formed, while at a slightly lower laser power of 14 mW, no damage trace can be found in the irradiation area in the porous glass. Due to the threshold effect, the number of nanocracks increases with the irradiating laser power for laser powers higher than 15 mW. This result suggests that for pulses of very short durations, they are not the optimal candidate for nanofluidic channel writing due to the difficulty in finding a right parameter for forming only a single nanocrack.
Results and discussion
We then elongated the pulse duration to *150 fs. The nanogratings written with these pulses are presented in Fig. 2b . Here, all the other parameters including focal objective, scan velocity, laser power, etc., were kept the same except the pulse duration. We clearly see that by the Fig. 1 a Schematic diagram of inducing nanograting structures inside porous glass by femtosecond laser direct writing. The laser polarization direction (E) and writing direction (S) are indicated. bd Cross-sectional schematics of nanograting structures, showing the periodic nanocracks evolves to be a single nanocrack due to the threshold effect. The green regions indicate the nanocracks and the purple regions indicate the above-threshold-intensity region in the focal volume use of longer pulses, fabrication of nanochannel can be easily achieved at *15 mW near the ablation threshold and the effective range of laser intensity for creating a single nanocrack was determined to be from 15 to 20 mW. Further raising the laser intensity will lead to formation of nanograting consisting of higher number of nanocracks. Figure 3 shows more detailed changes on the morphology of nanogratings formed in glass by femtosecond laser irradiation. For the first row (Fig. 3a-e) , the nanograting structures were written with *150 fs pulses, whereas for the second and third rows, the nanograting structures were written with *300 fs pulses. One can see that when the laser intensity increases, the longitudinal length (i.e., the height) of the nanochannel increases, too, which is a manifestation of the threshold effect. The most significant information conveyed from these images is that at the *300 fs pulse duration, the effective range of laser intensity for creating a single nanocrack has a broad range from 18 to 26 mW, as shown in Fig. 3f-o . In contrast, at the relatively shorter pulse duration of *150 fs, the effective range of laser intensity for creating a single nanocrack shrinks to a smaller range from 16 to 19 mW, as shown in Fig. 3a-e . In other words, in the case of nanograting fabrication with the *300 fs pulses, the laser intensity can be varied by nearly *45 % [i.e., (26 -18)/ 18], while a single nanocrack structure can still be maintained. However, for the case of nanograting fabrication with the *150 fs pulses, the variation of laser intensity has to be limited to *20 % for avoiding the formation of double nanocracks.
We have also tested some other pulse durations. It is found that with longer pulses, although the laser intensity window for producing a single nanocrack can be broader, which is beneficial for fabricating nanofluidic channels, the morphology of the nanocracks formed under such conditions is not better than that of nanocracks formed with shorter pulses. Thus, a compromise has to be chosen. We find that when femtosecond laser pulses of a duration of *200 fs were chosen, a sufficiently broad range of laser intensity (*44 % of the structuring threshold) for creating a single nanocrack could be achieved, while the smooth sidewalls could also be maintained as evidenced in Fig. 4 .
To show the pulse duration effects on the nanograting formation more clearly, we plot the threshold values of average laser power (Fig. 5a ) and peak laser power (Fig. 5b ) of formation of a single nanocrack and double nanocracks as functions of femtosecond laser pulse duration. It can be seen that when the pulse duration becomes longer, the threshold values of average laser power increase for both the cases of single nanocrack formation and double nanocrack formation. This is understandable because when the pulses become longer, their peak intensity will decrease as, for a pulse of fixed pulse energy, its peak intensity will be inversely proportional to its pulse duration. Since femtosecond laser ablation in glass is a highly nonlinear process, its efficiency will drop quickly with decreasing peak intensity. Thus, when the pulse duration becomes longer, the average power must be raised to compensate for the reduction in peak intensity of femtosecond laser pulses, as shown in Fig. 5a . Interestingly, one can see that for longer pulses, the threshold value of average laser power increases more rapidly with the increasing pulse duration for the case of double nanocrack formation than that for the case of single nanocrack formation, leading to a broader range of average power for fabrication of nanofluidic channels which is formed by continuously connecting the single nanocracks into a smooth 1D channel using laser direct writing [30] .
On the other hand, as shown in Fig. 5b , the threshold values of peak laser power continuously decrease with the increasing pulse duration for both the case of single and double nanocrack formations, as for longer pulses, ablation can be achieved with lower peak intensities. Again, from Fig. 5b , it can be seen that a broader range of peak power has been realized by increasing the pulse duration. These results reveal that the pulse duration plays an important role in inducing nanograting formation by femtosecond laser irradiation, which can only be understood as a result of the nonlocal interaction of femtosecond laser pulses with glass.
Here, let us recall the traditional picture of threshold effect in femtosecond laser interaction with transparent materials. A typical example is femtosecond laser induced two-photon polymerization [32] . In such a case, the threshold effect can be precisely described as follows.
As illustrated by the solid line in Fig. 6 , the intensity of an ultrafast laser beam will ideally have a Gaussian spatial profile. For single-photon absorption, the spatial distribution of the laser energy absorbed by the material corresponds to this beam profile (beam diameter: x 0 ). However, the absorbed energy distribution will be narrower for multiphoton absorption since the effective absorption coefficient for n-photon absorption is proportional to the nth power of the laser intensity, as evidenced by the dashed curve in Fig. 6 , which corresponds to the spatial distribution of the laser energy absorbed by a transparent material for two-photon absorption. In addition, the fabrication resolution can be further improved when the laser power is adjusted to match the threshold intensity for the reaction (indicated by the straight solid line in Fig. 6 ). Thus, a resolution beyond the diffraction limit can be achieved.
In the traditional picture of threshold effect mentioned above, one can immediately realize that the dependence of fabrication resolution on the laser intensity is completely determined by the focal spot size and the threshold intensity, but not the pulse duration. This actually corresponds to the situations in which laser only locally interacts with materials, i.e., the efficiencies of photoreactions (e.g., photo-polymerization, ablation, etc.) only depend on the local light intensity in such cases. That is to say, for any effects which only depend locally on the laser intensity, there would be no chance for the processing window of single nanocracks to be enlarged with an increasing pulse duration. In such a case, if the focal spot size is fixed, then the minimum intensity for formation of the second crack will be completely determined by the focal spot size and the minimum intensity for formation of the first crack, irrelevant to the other parameters, leading to a fixed processing window of laser intensity for the formation of the single nanocrack at varying pulse durations.
Thus, the clear dependence of the processing window for the formation of the single nanocrack on the pulse duration, as shown in our work, reveals that the formation of the nanograting array in glass cannot be determined by the local intensity of the laser pulses but has to be contributed from the carriers excited in the surrounding area. A few examples of such non-localized excitation include plasma wave excitation in the vicinity of the focal volume, or near-field enhanced ionization from nanoplasmas performed in glass, etc. The identification of the real mechanism requires further effort in the future investigations. To this end, the measurements reported here can provide key clues for theorists to compare their models with experimental observations.
Conclusion
Based on our recent investigation on nanostructuring in the porous glass with femtosecond laser pulses, we reveal an unexpected pulse duration effect in fabrication of nanograting structures consisting of determined numbers of nanocracks. We find that the range of laser intensity for producing only a single nanocrack in nanograting formation can be broadened by elongation of the laser pulse duration.
However, when the pulse durations are longer than *300 fs, the roughness of side walls in the nanocracks becomes high probably due to the more severe heat effect. We expect that in comparison with the femtosecond laser microstructuring, the femtosecond laser nanostructuring demonstrated here should be more sensitive to the heat effect, which will be further investigated in the future. We find that when the femtosecond laser pulses of a duration of *200 fs are chosen, a sufficiently broad range of laser intensity for creating a single nanocrack can be achieved, while smooth sidewalls required by nanofluidic applications can still be maintained. The pulse duration effect is a manifestation of the nonlocal interaction nature in the femtosecond laser interaction with glass in the parameter regime where nanograting formation can occur. Our results will shed new light for understanding the mechanism behind the nanograting formation induced by femtosecond laser irradiation in glass and other transparent materials. 
